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ABSTRACT 

Isochronal annealing from 80% t o  360°K of defects induced 

by 4 5  MeV electrons i n  f loa t ing  zone and pulled N-type s i l i c o n  

w a s  studied using e l e c t r i c a l  propert ies ,  namely conductivity and 

c a r r i e r  concentration. The r e s u l t s  indicate  tha t  t he  annealing 

behavior i n  t h i s  temperature range depends on the imperfections 

present in the  samples, before i r r ad ia t ion .  

impurit ies are found t o  have a pronounced e f f e c t  on the defect 

In  pa r t i cu la r ,  oxygen 

production and annealing process. 

A-centers produced a f t e r  i r r ad ia t ion  a t  80°K and measured a f t e r  

anneal t o  350°K yie ld  production rates of 

The t o t a l  number of s i l i c o n  

0 .2  t o  0.3 cm-l which 

depend only s l i g h t l y  on the impurity concentration of the  samples 

s tudied (3  x 1013 t o  3 x phosphorous atoms/cm3). The 

production rate of A-centers by 45 Mev electrons i s  comparable 

f o r  80°K and 300°K i r rad ia t ions ;  t h i s  is d i f f e ren t  from r e s u l t s  

found i n  1 MeV e lec t ron  i r r ad ia t ion .  The production of A-centers 

i n  15OK i r r ad ia t ion  i s  found t o  be about one half  t he  value 

measured i n  800K i r rad ia t ions .  A comparison of the character- 

i s t i c s  of defects  induced by 45 MeV and 1-4.5 MeV e lectrons i n  

s i l i c o n  w i l l  be given. 



Introduction 

Recovery of e l e c t r i c a l  propert ies ,  c a r r i e r  concentration and 

conductivity i n  i r rad ia ted  N-type s i l i c o n  i n  the  temperature range 

from 8OoK up t o  room temperature has not been explored i n  d e t a i l ,  

even though there  have been many experiments performed on i r radi-  

a ted  N-type Si.  

the  e f f e c t  of 45 MeV electrons on the e l e c t r i c a l  properties of 

N-type S i  i r r a d i a t e d  a t  80°K and 15OK as w e l l  as the annealing 

behavior i n  the temperature range from 80°K up t o  about 350°K. 

I n  t h i s  paper w e  report  some work concerning 

One of the main purposes of the  invest igat ion t o  be reported 

here w a s  t o  study the e f fec ts  of oxygen impurit ies i n  both the 

damage production and i n  the annealing. 

i n  s i l i c o n  has been shown by e lec t ron  spin resonance3 and 

infrared spectroscopy 4 y 5 9 6  to play an important r o l e  i n  the  radiat ion 

damage process. The e f f e c t  of oxygen i n  eo6* gamma-irradiated 

s i l i c o n  annealed above 300°K w a s  studied by Sa i to ,  Hirata, and 

Horiuchi7, Tanaka, and Inuishi' by means of e l e c t r i c a l  properties.  

Obsqvat ions by Watkins' on vacancy motion i n  N-type s i l i c o n  

The presence of oxygen 

60°K emphasize the importance of low temperature i r rad ia t ions .  

Experimental Methods 

The samples were made from d i s c s  cu t  from s i l i c o n  ingots doped 

with phosphorous t o  r e s i s t i v i t i e s  ( a t  30OoK) of about 1, 10, and 

100fl-cm. 

using an u l t rasonic  c u t t e r .  

Durite paper, and f i n a l l y  etched i n  C P - 4  solution. Non-rectifying 

gold contacts  w e r e  put on the samples using an u l t rasonic  hot 

bonding technique. 

temperatures of 5 1 0 ° K  by conduction through a copper f inger  w a s  

Eight-arm bridge samples w e r e  made from the discs 

The samples w e r e  polished with 

A metal c ryos ta t  capable of achieving sample 
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used i n  the i r rad ia t ions .  The H a l l  coef f ic ien t  and conductivity 

were measured using standard DC techniques. 

i r rad ia ted  i n  the (111) direct ioa with $5 Mev electrons from the 

var iab le  energy (10-80 MeV) R.P. I, Linear Electron Accelerator. 

All data w e r e  taken with the sample enclosed i n  the l igh t - t igh t  

vacuzxa coatainer  of the cryostat .  

The samples were 

Exp  ertment a1  Resu 1 t s 

T h s  ;&Trier concentrations and mobil i t ies  of the N-type S i  

samples doped with different  mounts of phosphorous atoms a r e  

reduced by 45 Mev electron bombardment. 

sample during bombardment a t  80°K i s  shown i n  Fig. 1, i n  which 

A typ ica l  response of a 

( % c a r r i e r  concentration) azd 7 (Hall mobility) a r e  
J 

plo t ted  versus the integrated ~ P J X  of e lectrons,  where RH is  the 

Rali coef f ic ien t  and f i s  the r e s i s t i v i t y .  

caz t  difference i n  the measured c a r r i e r  removal r a t e  f o r  a l l  

sanples i i - ladiated a t  9 8 0  K :d.-:th 45 MeV e lectrons i r respect ive of 

the i n i t i a l  resist ix7ity (I., 1 0 -  7-d 1001/1-cm). In  all cases the 

c a r r i e r  rcaoval r a t e  w a s  of O X G ~  1 co; , even though the c a r r i e r  

cozeentrations before i r rad ia t ion  differed by a fac tor  of n ~ 1 0 0 ,  

There w a s  no s ign i f i -  

0 

- I .  

In  the  piL;ed c rys t a l s  t h e  oxy,-,en concentratlons were a l l  of t h e  

szme order of zagnitude 5 - 10 x d7 =am3 as determined by the 

in t ens i ty  05 the 9p infrared band. 

One ?sir of samples (one f loa t ing  zone IOA -cm and o m  pulled,  
n 14 LlLL-cm) w a s  i r rad ia ted  t o  a Zotal integrated f lux of 3 x 10 

e/cri: a t  15*:(, 

t e q e r a t u r e ,  the measurements w e r e  only made a t  o r  above the 

t e q e r a t u r e  of l iquid nitrogen. After  i r r ad ia t ion ,  the samples 

2 Due t o  the  big?. r e s i s t i v i t y  of the  ssmples a t  low 
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.,rere warmed up and the change in  propert ies  of the samples due t o  

i r r ad ia t ion  were measured. The c a r r i e r  removal rate of t h e  pulled 

c r y s t a l  w a s  about the  same as t h a t  of a 10 R -cm sample i r rad ia ted  

a t  80°K, but,  the  removal r a t e  i n  the f loa t ing  zone (F.Z.) sample 

w a s  about 30% less i n  comparison with the  10 R - c m  F.Z. sample 

i r r ad ia t ed  a t  80°K. 

Isochronal annealing experiments w e r e  ca r r ied  out between 

80°K and 3 6 0 O K  using successive temperature pulses of 10 minutes 

duration. Xeasurements w e r e  made a t  77OK a f t e r  each anneal. I n  

most casses the  i r r ad ia t ion  was continued u n t i l  the  c a r r i e r  concen- 

t r a t i o n  w a s  reduced by 30 t o  80%. After the i r r ad ia t ion  w a s  stopped 

the  c a r r i e r  concentration continued t o  increase a s m a l l  amount w i t h  

a l i f e t ime  of * lo0  minutes. Annealing experiments w e r e  s t a r t ed  

on each o f  the  i r rad ia ted  samples  only a f t e r  the c a r r i e r  concentra- 

t i on  reached a constant value. There w e r e  some d i f f e ren t  features  

observed between pulled and F.Z. samples,an example being tha t  the 

reciprocal  mobili ty decreased i n  F.Z. samples, but increased i n  

pulled c rys t a l s .  The source causing these changes i s  unknown. 

With the  cryostat12 used f o r  t h i s  pa r t i cu la r  experiment it w a s  not 

possible  t o  i l luminate  the  samples  with l i g h t  i n  order t o  check 

whether o r  not trapping e f f ec t s  w e r e  causing these changes. 

The reference values o f  conductivity and c a r r i e r  concentration 

w e r e  those measured a t  '780K j u s t  a f t e r  completion of the  i r rad ia t ion .  

I n  a l l  cases the  f i r s t  anneal w a s  performed on the  samples two t o  

three hours a f t e r  the bombardment was stopped. In  the  following 

representat ion,  the  f rac t ion  of damage remaining i n  carrier 
d a - A concentration i s  defined as {(?I)- /It, - nz, where no 

is  the  carrier concentration before i r r ad ia t ion ,  nr i s  the  
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c a r r i e r  concentration a f t e r  the i r r ad ia t ion ,  and n i s  the c a r r i e r  

concentration a f t e r  an anneal f o r  ten minutes a t  temperature 

T( > 77'K). The f rac t ion  of damage remaining i n  reciprocal  mobility 

where l/yo, Upr and 1/ a re  Y i s  defined a s  f ( l /  ) = l / ro  - '9 
Y 'yo ''yr 

the H a l l  n o b i l i t y  before i r r ad ia t ion ,  a f t e r  i r r ad ia t ion  and after 

anneal a t  temperature T ( 7 77OK) respectively.  

In  Fig. 2 i s  shown a comparison of the annealing of the 

f rac t ion  of damage remaining i n  c a r r i e r  concentration, f (n) vs. 

temperature f o r  two pairs of samples, i n  each p a i r ,  there  i s  one 

floating-zone and one pulled s i l i c o n  sample both doped with 

roughly the same concentration of phosphorous ( ~ 3  x lOI4 ~ m ' ~ ) .  

Oae p a i r  was i r rad ia ted  a t  a temperature of 80°K, and the o t k r  

p a i r  w a s  i r r a d i a t e d  a t  15OK, both with approximately the same 

t o t a l  integrated flux of electrons.  

remaining i n  reciprocal  mobility of one p a i r  of samples i r r a d i a t e d  

a t  80°R vs. annealing temperature i s  shown i n  Fig. 3.  

differences between these two samples a r e  the larger  oxygen 

concentration i n  the pulled samples ( fac tor  ~ 1 0 0 )  as mentioned 

The f r ac t ion  of damage 

The main 

above, and the  higher density of dis locat ions i n  floating-zone 

c rys t a l s  than in  pulled c rys ta l s .  

In floating-zone samples, the annealing curves of the  sample 
0 i r r ad ia t ed  a t  80 K have some s t ruc tu re  which appears more 

pronounced i n  the  sample i r rad ia ted  with l i g h t e r  dose. From 

I?;;. 2 i t  can be seen t h a t  there appear t o  be three recovery 

s tages  i n  the l o f i - c m  floating-zone c rys t a l s  i r rad ia ted  a t  80°K. 

These s tages  are located a t  125OK, l6OoK, and 260°K. However, 

there  is  no corresponding s t ruc ture  on the annealing curves of 
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the  lOfl-cm floating-zone sample i r rad ia ted  a t  15OK. h annealing 

experiment with a lo -cm f loating-zone (P-doped) sample i r radiated 
2 t o  a higher dose (14 x 1015 e/cm ) showed only t w o  annealing stages;  

one broad recovery s tage from 100 t o  200°K, and another a t  260°K. 

A l l  pulled c rys t a l s  exhibited three other annealing processes, 

located a t  about 100-200°K, 240°K, and 290°K, for both 80°K and 

15OK i r rad ia t ions .  

a t  the 240°K and 290°K stages were smaller i n  the case of the 15'K 

i r r ad ia t ion  than tha t  of the 8OoK i r rad ia t ion .  The recovery s tage 

a t  24OoK appears as a small reverse annealing process and i s  not 

a c a r r i e r  trapping e f f ec t  which has been found i n  i r radiated 

p-Lype germanium. 

l i g h t  a t  78OK which would have indicated the presence of t raps ,  i f  

they existed.  

w a s  one of the main annealing processes fo r  80% i r r ad ia t ion ,  i n  

which about one f i f t h  of the t o t a l  defect concentration was 

However, the f rac t ion  of damage annealed out 

This was determined by i l luminating with white 

The recovery s tage a t  290°K i n  the pulled c rys t a l s  

removed i n  11 f l - cm samples. The two annealing stages a t  240°K 

(reverse annealing) and 290°K appear t o  be related t o  the oxygen 

atoms, s ince they have no counterpart f o r  floating-zone s i l i con  

containing l e s s  dispersed oxygen. 

I n  general ,  t he  number of defects  annealed as determined from 

measurements of the c a r r i e r  concentration i n  the pulled c rys t a l s  

appears t o  be higher than that  i n  the  floating-zone c rys t a l s  i n  

the temperature range 80-360°K, but the per cent recovery i n  the 

Hall  mobili ty is  near ly  the s a m e  f o r  both F.Z.  and pulled c rys ta l s .  

The experimental r e s u l t s  given i n  Figs. 4 and 5 a l so  show t h a t  the 

annealing curve i s  close t o  the i r rad ia ted  curve f o r  the pulled 

c r y s t a l ,  but t h i s  i s  not the case for the  floating-zone sample i n  
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which zke mobili ty anneals a t  a f a s t e r  r a t e  a t  lower temperature. 

The temperature dependence of the c a r r i e r  concentrations of 

one floating-zone sample and one pulled c r y s t a l  a f t e r  various 

a;lr,eals a r e  plot ted i n  Figs. 6 and 7 respect ively,  

c r y s t a l ,  there  i s  a defect  energy l eve l  located about 0.17 eV 

below the conduction band, which i s  associated with the oxygen 

vaczncy complex (A-center). 3 y 4  The method of Kitovski i ,  Mashovets 

azd  Syvkic'l w a s  used t o  compute the  value of the energy level .  

The production r a t e s  of the A-center during 80°K i r rad ia t ions  

es  tiaated from the temperature dependence of c a r r i e r  concentration 

a f t e r  annealing t o  300'K are about 0.2 cm-', 0.23 cm-', and 0.32 

em'' f o r  1, 11, arid 1 O O R - c m  respect ively f o r  pulled c rys ta l s .  

The production rate of the A-center i n  the l l f i -cm pulled c r y s t a l  

For the pulled 

i r rad ia ted  a t  15OK i s  about 0.1 cm'l. 

deep levels  (> 0 . 2  eV from conduction band) i n  the pulled sample 

i r rad ia ted  a t  15OK was about 0 . 3  cm-l but only d o .  1 cm'l i n  the 

sane r e s i s t i v i t y  sample i r radiated a t  80°K. 

Discussion of Results and Conclusions 

The production r a t e s  of 

W e  can give some reasonable arguments t o  explain the difference 

between the annealing behavior of the pulled c rys t a l s  and f loat ing 

zone c rys t a l s .  

c r y s t a l s  i s ,  a t  l e a s t ,  t w o  orders of magnitude higher than i n  

f ioa t ing  zone c r y s t a l s ,  one would expect t ha t  some influence of 

oxygen i m p a r i t y  on annealing behavior should appear from a 

CG;;;?Z-,-~SO~I of the annealing r e s u l t s  of two kinds of samples. 

experL.-;:tal data i n  Figs, 2 ,  3 ,  4 and 5 show tha t  there  were some 

 clear;^ discernable differences i n  the recovery of e l e c t r i c a l  

? roper t ies  from 80°K up t o  350°K. 

Since the oxygen concentration i n  the pulled 

The 
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One may inquire  as t o  whether there  i s  some e f f ec t  of oxygen 

there i s  i apur i ty  on the formation of defects a t  80°K o r  whether 

ozly an e f f ec t  on ancealing. 

f-rca our data s ince the num5er of c a r r i e r s  removed and the number 

of sca t te r ing  cexters  produced a re  roughly the same fo r  both types  

GZ crys ta l s .  F r m  G. D. Watkins" spin resonance work, it i s  

known t ha t  the negatively charged s ingle  vacancy i n  N-type S i  

becomes mobile below about 60°K. 

centers  f o r  4.5 Mev electron i r r ad ia t ion  a t  80°Kis the  same as 

t h a t  a t  2 7 3 O K .  From these r e su l t s ,  one may expect tha t  there  

would be some difference between the radiat ion data of the two 

lclnds of c rys t a l s .  

ohserve a marked difference in  our data i s  tha t  the measurements 

of e l e c t r i c a l  propert ies  a r e  macroscopic i n  which only t o t a l  

Ttls dffference cannot be determined 

A l s o  the formation r a t e  of A- 

5 

The possible explanation f o r  the f a i l u r e  to  

c a r r i e r  removal and scat ter ing center  change can be measured and 

co izfozmatlon of the nature of the indivldual defects can be 

ob taked .  A l s o  the radiat ion induced defects associated with 

oxygen impiir i ty  a r e  only par t  of the t o t a l  induced damage. 

we also include the information gotten from the 15OK i r r ad ia t ion ,  

(see Figo 2) i t  seems reasonable t o  conclude t h a t  the oxygen impurity 

effeccs  the forrcation of defects i n  an 80°K i r rad ia t ion .  

I f  

=?y comparing the data from 15'K and 80°K i r rad ia t ions ,  some 

C o x L i s i o a s  may be made. 

24C1°;( reverse  annealing and 290% annealing in  pu l l ed  c rys t a l s  a r e  

The number of the defects  causing the 

szialler during 15'K i r rad ia t ion  than during 80 0 K i r rad ia t ion .  

A l s o  the t o t a l  number of A-centers i n  the sample a f t e r  i r r ad ia t ion  

at: 15'K and anneal t o  350°K i n  a 15'K i r r ad ia t ion  is  about a half  

of the  value i n  an 80 K i r r ad ia t ion  after 35OoK anneal. 0 The 
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xmber  of t he  defects associated with deep levels  a f t e r  350°K 

annealing i s  higher fo r  the lower temperature i r rad ia t ion .  In  
F.Z. samples the annealing r a t e  of damage as measured by c a r r i e r  

concentration is  more rapid i n  15'K i r r ad ia t ion  than i n  80°K 

i r r ad ia t ion  (see Fig. 2). These experimental f ac t s  suggest t ha t  

the formation rates of some defects have temperature dependence, 

and/or ind i rec t ly ,  they suggest t ha t  some primary defects a re  

mobile be low 80°K. 

It i s  possible tha t  the defects which correspond t o  the annealing 

s tage of 290°K i n  pulled c rys t a l  a r e  formed by oxygen atoms and 

soae primary radiation-induced defects ,  which a r e  mobile below 

W O K .  The poss ib i l i t y  tha t  the 290°K annealing s tage i s  re la ted  

to oxygen-enchance annealing i s  ruled out ,  s ince there  i s  no 

(12 , 13) corresponding an-ilealing stage i n  the floating-zone samples. 
There a re  several  possible explanations f o r  the reverse 

annealing a t  about 240°K. 

coiqlex defects produced favorably by 80°K i r rad ia t ion  occurs 

One i s  tha t  the dissociat ion of some 

around 24OoI(, with the fragnents individually forming s tab le  

defects  with some imperfections (most probably oxygen atoms) 

ex is t ing  in  the pulled c rys t a l  only, which a re  able t o  t rap  

c a r r i e r s  st l iquid nitrogen temperature. 

might e x i s t  i n  the floating-zone c r y s t a l  but there  a re  not 

enough oxygen atoms t o  form the  s t ab le  defects t o  t rap  c a r r i e r s ,  

such as the  A-center. 

~ o s s i b l e ,  such as follows; t h i s  behavior may occur i n  the case 

The dissociat ing defects  

Other d i f fe ren t  explanations a r e  s t i l l  

of annealing of donors whose levels  l i e  i n  the 

c lose  t o  bottom of the  conduction band. These 

forbidden band 

centers  are then 
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coiq ie te ly  lonizec! i n  the sample a t  the  temperature of l iqu id  

riityogen and t h e l r  annealing reduces the c a r r i e r  concentration. 
I 

A l s o  t h l s  ‘,tiad of defect  has t o  be associated wich oxygen atoms. 
I 

%or comparison between t he  annealing behavior of low energy , 
, 

(e .g . , lXev)  azd hi& eaergy (e .g . ,  45 Xev) electron i r rad ia ted  

a - t ~ e  s i l i con ,  we CE:: rriention the anr,ealing s tudies  on t h e  80°K I 

LrradlaCion of  s i i k o n  by low-energy electrons which can be found 

In the  l i t eya tu re .  E i l l I 4  observed i n  n-type S i  i r rad ia ted  with 

4.5 Mev electrons a t  l i qu id  nitroger, temperature tha t  (1) there  

were three  recovery s tages  f o r  0 .24  0 L - c m  c r y s t a l  which w e r e  the  

sarne as  we  found, and (2)  the znnealing features  observed i n  one 

sar;;?le w l t h  high r e s i s t i v i t y  (69 fl -cn) wassimilar t o  our data  i n  
- n- 2.Z. s z q l e s  (see r i g .  2). Hi;, dLd not quote Lte oxygen concen- 

~ ~ a z i o n  I n  h l s  sam?les so  detai led comparisons a re  not possible .  

Wezzhelin a d  3~ichanun15 reported an anneaiing of mobili ty a t  1200K 

i;: 1 Xzv e:zc;ron-irratiiated ?hasphorous-do??d s i l i c o n  (f loat ing-  

z o x  crystzilj X i E h  an iz tegrzted f,ux o f  6.0 x 1 ~ 1 4  e/cn’. 

ex?ezken:, oze annea;i,cg stage locaced a t  about 1 2 5 O K  was found, 

i z  which 1S% of the damage recovered i n  carrier concentration, but 

sSo; t  33% 52 (l/%). 

Wezckein arid auchanun. 

1 >Av electron-irradiated N - t y p e  arsenic-doped S i  (quartz 

czx l5 fe -h igh  oxygen content) ,  which w e r e  the  same as w e  found. 

* z s  r,ercentzge of recovery o f  damage i n  h i s  samples i n  the  temperature 

--e i 
I 

I 
I n  our I 

- .  
I 

This agrees qua l i ta t ive ly  w i t h  the data of 
J 

Novak16 observed three annealing s tages  i n  

m 

”‘“0 Lc.,,e -3Go:< t o  220°:( was about 10% and i s  s m a l l  i n  comparison with 

o z r  r e s u l t  (see Fig. 2 ) .  

L L A ~  defects  zncealed out i n  t h i s  temperature range are due t o  the 

T h i s  dizference may suggest t h a t  p a r t  of I 

I 
i-1- 3 

: cr energy electrons only. 
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Watkins found i n  h i s  spin resonance work tha t  1). the 

divacancy with a nearby defect (possibly an i n t e r s t i t i a l )  anneals 

o ~ l t  around 130°K, 

12OoK and a l so  around 280°K, l7 

9 2). the number of E-centers increases around 

3). the  number of A-centers increases 

around 200°K,18 a z d  4 ) .  some unident i f ied spectra  anneal out around 

14C°K.17 

a d  45 Kev electrons.  

measurement with Watkins' measurement because there  a re  so many 

d i f fe ren t  defect  centers  observed i n  the l a t t e r ,  even i n  the case 

of l o w  energy electron i r rad ia t ion .  

1-n F.Z. samples, the annealing of damage as measured by the  

reciprocal  nob i l i t y  i s  more rapid than i n  c a r r i e r  concentration. 

The source causing t h i s  i s  unknown. 

dis locat ions i n  the samples play an important r o l e  fo r  t h i s  

phenmena, s ince the dis locat ions belong t o  one kind of the major 

Lmperfections i n  F.Z. c rys ta l s .  

H i s  sznples were i r rad ia ted  a t  4OK or  20°K with 4 Mev 

It i s  not easy t o  cor re la te  a macroscopic 

It i s  possible  tha t  the 

The production r a t e  of the A-center which we obtain i n  pulled 

c r y s t a l s  i r rad ia ted  by 45 Mev electrons a t  80°K i s  comparable t o  

t ha t  measured by Watkins17 from spin resonance using same energy 

electrons a t  room temperature. This i s  d i f fe ren t  from the r e s u l t s A J y  

of 1 Mev electron i r r ad ia t ion ,  i n  which the  production r a t e  of the 

A-center a t  l iquid nitrogen temperature i s  about an order of 

magnitude l e s s  f o r  pulled s i l i c o n  i r rad ia ted  a t  room temperature. 

Cue t o  the c lose  s imi la r i ty  of our data and the r e s u l t s  of H i l l ,  

SGVEI~," z d  Wertheim" w e  conclude t h a t  a large p a r t  of defects 

produced by 45 Mev electrons a t  lower temperatures are the defect: 

fouad i n  low-energy electron i r rad ia t ions .  

1L 

I n  other  words, low 



dose 45 Kev e lectron i r r ad ia t ions  w 

11. 

11 not produce a la rger  number 

of high order defects,  such as c l u s t e r s ,  as w a s  o r ig ina l ly  ant ic ipated,  

but instead, la rger  numbers of simple defects a r e  produced. 
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